A Xgtll expression library of TnS-tagged invasion plasmid pWR110 (from Shigellaflexneri serotype 5, strain M9OT-W) contained a set of recombinants encoding a 60-kilodalton protein (designated IpaH) recognized by rabbit antisera raised against S. flexneri invasion plasmid antigens
The pathogenesis of bacillary dysentery requires the coordinate expression of a number of components that control the epithelial cell invasion, intracellular replication, and intercellular spreading phenotypes characteristic of the expression of virulence in Shigella species and enteroinvasive Escherichia coli. Genes encoding virulence-associated elements are located on the chromosome and on a 120-to 140-megadalton (MDa) plasmid found in all virulent Shigella and enteroinvasive E. coli strains (12, 16, 31, 42) . At least eight unique polypeptides are encoded by this invasion plasmid (12, 13) ; five of these (VirG and invasion plasmid antigens [Ipa] A, B, C, and D) are immunogens consistently recognized by serum and mucosal antibodies in convalescent humans and primates (26) . Molecular cloning and nucleotide sequence determination for Shigella flexneri ipaB, ipaC, ipaD, and virG genes have been previously described (2, 3, 9, 19, 32, 40) . However, phenotypes and functions associated with the expression of these antigens are only broadly defined. The expression of IpaB, IpaC, and IpaD is consistently associated with the attachment and invasion steps of dysentery pathogenesis (25) . The VirG protein (encoded by the virG or icsA locus), along with the product of the chromosomal kcpA gene, has recently been implicated in the intercellular spread of the bacteria once they have invaded target epithelial cells and escaped the phagosome (4, 21, 27, 32) . How the action of these proteins contributes to specific phenotypes at the molecular level remains to be elucidated.
Invasion of colonic epithelial cells by the Shigella bacillus demands close interactions between surface structures on the bacteria and target host cells. It is likely that these surface components are also recognized by the host immune * Corresponding author.
system in an attempt to neutralize the pathogen, as appears to be the case for VirG, IpaB, IpaC, and IpaD, which are all immunogenic to the host. To clarify the mechanisms of invasion and to identify potential protective epitopes that can be utilized by the host immune system to counteract invasion, it is important to characterize all Shigella invasion plasmid antigens. In an earlier report (9) , we described the isolation of an additional invasion plasmid antigen, designated IpaH. The IpaH protein (60 kilodaltons [kDa] ) was similar in size to the IpaB protein (62 kDa) but was distinct from the latter antigen both immunologically and at the DNA level. In this report, we describe the further characterization and DNA sequence analysis of the ipaH gene. In contrast to the ipaBCDA loci (23, 24, 32, 39, 40) , the ipaH gene is reiterated on the invasion plasmid and the expression of the IpaH antigen is not temperature regulated. Analysis of the deduced amino acid sequence of IpaH indicated the presence of a unique 14-residue motif which is repeated six times in the amino-terminal end of this hydrophilic molecule. The multicopy nature of the ipaH gene and its unique amino acid sequence may reflect an essential, though as yet undefined, role for this antigen in Shigella virulence or in the genetic instability of the invasion plasmid (33) . MATERIALS Construction of the Agtll expression library of invasion plasmid pWR11O has been described previously (9, 25) ; this library was used to isolate several recombinant bacteriophage carrying the ipaH gene on the basis of their reaction with plasmid antigen-specific rabbit screening antisera. Recombinant pWR390 was prepared by ligating the 2.9-kilobase (kb) insert DNA of Agtll ipaH S39 (9) (see Table 1 ) into the EcoRI site of pUC12 by standard techniques for vector preparation, insert ligation, and identification of recombinant plasmids (22 (9, 25) . After separation, the proteins were electroblotted to nitrocellulose and probed with rabbit polyvalent antisera or affinity-purified antibodies to the IpaH antigen, using a previously described protocol (25, 26) .
Plasmid DNA preparation and DNA hybridizations. Invasion plasmid DNA was isolated by the method of Cassie et al. (10) and purified by cesium chloride-ethidium bromide density gradient ultracentrifugation. Xgtll ipaH phage DNA was isolated by the glycerol step-gradient procedure of Silhavey et al. (34) Maxicell analysis to identify plasmid-encoded proteins. The plasmids pWR390 and pUC12 were transformed into E. coli HB101. Plasmid-encoded proteins were then identified by a modified maxicell procedure (29, 37) . Briefly, a culture of HB101 containing either pWR390 or pUC12 was grown to an A600 of 0.6 and harvested. After suspension, the cells were irradiated, collected, and grown in M9 minimal medium (22) with the addition of 1% Casamino Acids (Difco Laboratories, Detroit, Mich. 
RESULTS
Hybridization of Agtll ipaH insert DNA to wild-type S. flexneri invasion plasmid (pWR100). In a previous study (9) , a Xgtll expression library of invasion plasmid pWR110 (a TnS derivative of pWR100) was probed with plasmid antigen-specific rabbit sera, and several clones, subsequently characterized as Xgtll ipaB, Agtll ipaC, and Xgtll ipaD recombinants, were identified. One set of 17 (Fig. 1) . Xgtll ipaH recombinants containing only one EcoRI insert fragment (e.g., S25, S39; Table 1 ) gave a complex pattern when used to probe endonuclease-digested pWR100 DNA, hybridizing multiple restriction fragments (1 to >23 kb) with various intensities (Fig. 1A) . Particularly noteworthy were the five restriction fragments detected with the ipaH probe in HindIII-digested pWR100 DNA (9.8, 7.8, 4.5, 2.5, and 1.4 kb). Probes derived from Xgtll ipaH recombinants containing more than one insert fragment (e.g., S52, S63; Table 1) showed that the IpaH-encoding fragment again gave the same complex repeated hybridization pattern, while the accompanying contiguous fragment detected only one or two bands in a pattern more amenable to the construction of a restriction map ( Fig. 1A and B). These results suggested that the ipaH gene (or immediate flanking DNA) was repeated on the pWR100 plasmid.
Examination of IpaH expression in S. flexneri. One of the distinguishing characteristics of the invasion plasmid antigens IpaB, IpaC, IpaD, and IpaA is the stringent regulation of their expression by temperature, allowing synthesis of the antigens at 37°C but not at 30°C (13, 23, 24, 40 Fig. 2A) . In contrast, the IpaH-selected antibody reacted with all three samples, including the M9OT-W sample grown at 30°C (Fig. 2B) . Additionally, Northern (RNA) blot analysis of total RNA prepared from M9OT-W cells grown at 30 and 37°C demonstrated that ipaH transcription was not temperature regulated (data not shown). These findings indicated that expression of ipaH is neither temperature dependent nor affected by the deletion carried on the M9OT-A3 invasion plasmid. IpaH expression by recombinant plasmid pWR390. To further study the nature of the ipaH gene and its product, we selected an ipaH clone, Xgtll ipaH S39, that (i) contained only one insert fragment, (ii) synthesized the complete IpaH antigen, and (iii) gave the characteristic mixed intensity, five-band hybridization pattern when probed against HindIII-digested pWR100 DNA (Fig. 1A) . The 2.9-kb EcoRI insert fragment of Xgtll ipaH S39 was subcloned into pUC12, producing recombinant plasmid pWR390, which was used to transform E. coli JM109. Western blot analysis of JM1O9(pWR390) transformants showed production of a 60-kDa antigen that reacted with the plasmid antigen-specific rabbit antisera ( (Fig. 3B) (Fig. 3B) .
Hydropathy analysis of the IpaH amino acid sequence with the Kyte-Doolittle algorithm at a residue resolution of 15 (17) revealed that IpaH has a predominantly hydrophilic structure with small regions of hydrophobic residues interspersed in the protein (Fig. SB) (41) . Analysis of the amino acid sequence of the IpaH protein revealed six evenly spaced 14-residue repeat motifs consisting of Leu-X2-Leu-Pro-X-Leu-Pro-X2-Leu-X2-Leu (where X represents any amino acid) located between amino acid residues 39 and 149 in the amino-terminal end of the molecule (Fig. 4) . Each (Fig. 4 and 5).
The nucleotide sequence of pWR390 contained a number of perfect 8 (Fig. 6) . Promoter (AE294) and transcription terminator (HP710) region probes hybridized a single 7.8-kb pWR100 Hindlll band, indicating that this HindIII fragment was the source of the ipaH gene cloned and sequenced in pWR390. Accordingly, this sequence was designated ipaH7.8 and its counterparts were named ipaH9 8, ipaH4.5, ipaH2.5, and ipaH1.4, respectively. We noted that probe EH253, which overlaps ORF3, only hybridized the ipaH4.5 sequence, suggesting that ORF3 is part of the ipaH4 5 gene copy. This was confirmed by restriction mapping with the entire 2.9-kb ipaH probe (Fig. 1A and 6 ) and EH253, which showed that a VOL. 172, 1990 on 
TCATTG tU MAG CtC CCt GrAmTCTTAT
. Leu-X2-Leu-Pro-X-Leu-Pro-X2-Leu-X2-Leu repeat motifs for the IpaH ORF and ORF3 are underlined with dashed lines. The nucleotides in parentheses are not part of the 2.9-kb EcoRI insert but were included to show the full repeat motif and were obtained from partial sequencing of a contiguous clone. These data have been submitted to GenBank under accession no. M32063. 1911   1502 ACA GA MT GAC CTC C ACT GM GAA CT ATG GTC AAAGC CGT GM GAG MT GM TT G UAC TGG TTC TCM CTC TGG GGA MA TGG 
NO I T T L P E S F S O L D S S Y R I N I S G N P L S T R V
G GACCGT 131 A W L E K L S A S A E L R Q O S F A V A A D A T E S C E D R 1Z32 GTC GCG CTC ACA TGG AC MT CC CMG AAA ACC CTC CTG GTCCAT CAG GCA TCA G GSC CTTT C GAT MTGAT ACC GCOCT CTG CTC 1321 V A L T W N N L R K T L L V HNO A S E G L F D N D T G A L L 1322 TCC CTG GOC AGG GA ATG TTC CXC CTC GAA ATT CTG GA GC ATT GM COG CAT MA GTC AA ACT CTC CAT TTT GTG GAT GA ATA GM 1411 S L G R E M F R L E I L E D I A R D K V R T L H F V D E I E 1412 GTC TM CTG GCC TTC CM A ATG CTC GA GAG MA CtT CM CTC TM ACT GCC GTG MG GM ATG MOT TTC TAT 0CC GTG TMGA GTG 1501 V Y L F f O T M L A E K L L S T A V K E M R F Y G V S G V FIG.
SEQUENCING AND CHARACTERIZATION OF ipaH REPEAT ELEMENT
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VOL. 172, 1990 on October (25, 40) (mediated by the product of the virR gene [24] ) and also require the products of two positive effectors for their synthesis, lirF (28) and virB (1) . In contrast, IpaH synthesis was not temperature responsive since ipaH transcription and translation were both demonstrated at 30 and 37°C. Furthermore, during this study, we found that a number of avirulent S. flexneri strains, such as M9OT-A3 (which contains a 65-kb deletion in the invasion plasmid encompassing virG, ipaBCDA, and the invA region; see reference 41) and strains that contain virF mutations, continue to synthesize the IpaH antigen, indicating that these gene products are not necessary for IpaH synthesis. IpaH+ invasion plasmid deletion strains, such as M90T-A3, still retain multiple copies of the ipaH gene; however, the arrangement of the genes on the invasion plasmid is often altered significantly, as reflected by changes in Southern hybridization patterns (J. M. Buysse, A. B. Hartman, N. Strockbine, and M. M. Venkatesan, manuscript in preparation).
Previous work on the characterization of S. flexneri invasion plasmid antigen (ipa) genes has shown that these virulence-associated determinants are present as single copies in Shigella species and that the corresponding restriction fragments are highly conserved throughout the Shigella genus (9, 39) . These antigens are also remarkably homogeneous with respect to their antigenic properties and amino acid sequence (2, 13, 25, 39 (6, 7, 36, 38) .
Although the role of the IpaH protein, if any, in the expression of the virulence phenotype is unknown at present, its hydrophilic nature is in keeping with its demonstrated immunogenicity in rabbits immunized with Shigella antigens (9) and in convalescent humans (unpublished data). The hydrophilic and antigenic nature of IpaH, as well as its presence in water extracts of Shigella species that also contain Ipa antigens B, C, and D (26; unpublished data), suggest that lpaH is exposed on the surface of the bacillus. However, IpaH does not have a typical signal peptide in its amino acid sequence (14, 43) , a property that it shares with IpaB, IpaC, and IpaD, which are likely located on the surface of the bacillus as well (13, 25, 26, 40 (7) AvaI-EcoRI 294-bp fragment (AE294). Lower panel shows hybridization studies to delineate the repeat region of the 2.9-kb fragment. HindIII-digested pWR100 DNA was hybridized to the total 2.9-kb fragment (lane C) and to fragments 1 to 7 (lanes 1 to 7, respectively). Enzymes used to prepare probe fragments were as follows: A, AvaI; B, BamHI; Bg, BglII; E, EcoRI; H, HindlIl; Hp, HpaI; P, PstI; Pv, PvuII; Sa, Sacl; S, Sall; St, StuI. amino-terminal end of ORF3 as well as 13 copies in a different bacterial sequence, the YopM protein from Yersinia pestis (20) . The basic 14-residue repeat motif with six intervening residues containing an asparagine in the fifth position is conserved in all these molecules. A number of models can be proposed to take into account the unique structural features of the IpaH amino-terminal motifs. The regular spacing of the leucine residues (L-X2-L-P-X-L-P-X2-L-X2-L-X4-N-X) suggests that one structure contains an array of leucine residues that could interdigitate with other IpaH molecules or with other proteins presenting a similar structure, thus facilitating oligomerization, which may be important for the proper conformation and function of IpaH. Alternatively, if turns exist in the regions between the 14-residue repeat motifs, the leucine arrays of the IpaH molecule could interdigitate internally. A third model would contain the leucine residues of the motif arranged on one side of a helix, thus presenting a uniform hydrophobic surface. In fact, the regular spacing of the leucine residues in the ct-helical regions between the L-P-X-L-P-X residues supports this last possibility. The six-residue L-P-X-L-P-X portion of the repeat is similar to the polyproline helix found in the avian pancreatic peptide (5, 11) ; it has been proposed that the hydrophobic surface of this molecule, which is involved in the dimerization of the pancreatic peptide monomer, might be important in receptor binding (5) . The regular spacing of the leucine residues also shows some similarity to the leucine heptad repeats (the spacing between the last leucine of one 14-residue repeat and the first leucine of the next motif is L-X6) found in some DNA-binding proteins (18) 
